It is accepted that older subjects have increasing arterial stiffness, which results in increasingly faster pulse transmission to the periphery. However, this age association is less clear in younger subjects and for different peripheral measurement sites. The aims of this study were to determine the association between age and pulse timing characteristics over a five decade age range at the ears, fingers and toes, and to compare these with any additional effects associated with differences in subject height, systolic blood pressure and heart rate. Photoplethysmography pulse waveforms were recorded noninvasively from the right and left sides at the ears, fingers and toes of 116 normal healthy human subjects. Their median age was 42 years (range 13-72 years). Systolic blood pressure, height and heart rate were also measured. Pulse transit times (PTTs) were determined and referenced to the electrocardiogram R wave. The results revealed that age was the strongest contributor to PTT differences at all sites (Po0.0001). The decrease with ageing was greatest at the toes: À1.6, À0.6, À0.4 ms/year for the toes, fingers, and ears, respectively. Changes for the right and left body sides at each level were highly similar. Blood pressure was also an important contributor to PTT at all sites (Po0.0001); À1.0, À0.4, À0.3 ms/ mm Hg, respectively, with approximately half of the effect explained by age. Height was significantly and independently related to PTT at the fingers and toes (Po0.0001); +1.1, +0.7 ms/cm, respectively. The fraction of PTT variability explained by these relationships was 0.65, 0.48, 0.26 for the toes, fingers and ears, respectively (Po0.0001). Finally, we concluded that the age effect decreased linearly from the second to the seventh decades, demonstrating that the effect of changes in arterial stiffness can be detected noninvasively from an early age at three main peripheral sites. Age is the dominant factor in contributing to PTT, and is greatest at the toes, followed by the fingers and then the ears.
Introduction
The peripheral pulse is often used in the assessment of health and disease. 1, 2 It can provide information about the cardiovascular system, such as heart rate or pulsatile pressure, and hence properties of blood vessels, including arterial elasticity, narrowing or occlusion. [3] [4] [5] [6] [7] [8] The pulse is frequently used by clinicians in the assessment of vascular diseases, where a weak, delayed or damped pulse is often a sign of occlusive arterial disease. 9, 10 Clinically, the peripheral pulse is still measured manually by palpation but there are also techniques available for objective noninvasive pulse assessment. 11, 12 One common technique, using simple low-cost optical technology, is photoplethysmography (PPG). [13] [14] [15] [16] The output of the infrared PPG transducer is proportional to changes in the volume of red blood cells in the peripheral micro-vascular bed, these changes being associated with each heart beat. PPG pulse signals can easily be obtained from the tissue pads of the ears, fingers and toes where there is a high degree of superficial vasculature. These pulses can be used to detect vascular disease, but there is limited data describing how age affects the peripheral pulse, leading to uncertainty in establishing normal ranges for comparison with patient groups. The relationship between age and pulse characteristics, particularly on the delay in the arrival of the pulse at the periphery is unclear. There is also uncertainty about whether these changes occur from an early age or later in life. 1, [17] [18] [19] [20] [21] The interpretation of such data is further complicated by the influence of subject height, heart rate and blood pressure. We are building on the work of Nitzan et al 21 and our earlier reported agerelated data 18, 19 by looking closer at the relationship between age and peripheral pulse arrival times. By investigating simultaneous pulse measurements from six peripheral sites in a larger group of normals, we aimed to determine if the reported ageing changes occurred mainly after 40 years as suggested by Nitzan's data.
Many workers have investigated measurements from single or dual sites, [22] [23] [24] but we have shown that simultaneous measurement of multiple sites allows ready comparison of pulse shape, amplitude and timing at these locations. 18, 25 Data from multiple sites allow the formation of normative data sets for comparison with individual patients or different patient groups. The aims of the study described here were to quantify any age-related changes in pulse timing characteristics at the ears, fingers and toes, and to quantify any additional effects arising from differences in systolic blood pressure (SBP), subject height (H) and heart rate (HR).
Materials and methods

Subjects
A total of 134 Caucasian subjects were initially entered into the study (median 43 years, range 13-72 years) to form a representative sample of a normal healthy population. The majority were members of staff recruited from the Newcastle upon Tyne NHS Hospitals Trust and the University of Newcastle. There were also five subjects who were younger than 18 years of age and who were relatives of the above. The subjects were recruited by poster advertisement, with study information sheets given outlining the study, its aims and any exclusion criteria. All subjects or their guardians gave written informed consent. The study had received Local Ethics Committee approval.
Exclusion criteria were Raynaud's phenomenon, atrial fibrillation, frequent ventricular ectopic heart beats, significant limb tremor, deformation of limbs or measurement digits, and subjects receiving antihypertensive therapy. All subjects underwent a standard ankle-to-brachial pressure index (ABPI) peripheral arterial screening test and those with an ABPI of o0.9 in either leg were excluded from the study. 10, 26 Subjects were asked in the 2 h before a study not to undergo strenuous exercise, consume hot drinks or those containing caffeine, or eat a substantial meal. Female subjects were asked to remove earrings, if any, prior to the measurements so that the pulse probes could be applied easily to the ear lobes.
Measurement system
The multi-site pulse system is described in an earlier publication. 25 The system comprised six PPG pulse amplifier channels matched electronically in right and left pairs, and used to collect pulses from the right and left ear lobes, index fingers and great toes. The pulse probes were all reflection mode devices (Artema, Denmark: ear type 75331-9, finger and toe type 75333-5). The bandwidth of the PPG amplifiers was 0.15-20 Hz. A single lead electrocardiogram (ECG, lead II) was also recorded to provide a cardiac timing reference for the subsequent pulse wave analysis. All responses were recorded to computer (Toshiba Satellite Pro Notebook 480CDT, Japan) using purpose-built data capture software (LabVIEW, National Instruments Ltd., Newbury, England) at a data sampling rate of 2500 Hz (interval between samples 0.4 ms), and at 16-bit resolution (DAQ-516 card, National Instruments Ltd.). Recorded data were processed off-line.
Measurement protocol
All measurements were collected in a warm temperature-controlled room (25 7 11C) by a trained operator (JA). Subject height was first recorded (H). The subject was then asked to lie supine on a level measurement couch and rest for at least 5 min before the pressure measurements were made in both ankles and arms, and in accordance with the local vascular laboratory protocol, to form the ABPI peripheral arterial screening measure. Pressures were measured using standard pressure cuffs with a Doppler ultrasound probe (Dopplex II, HNE Diagnostics Ltd., Cardiff, UK) to detect pulses in the dorsalis pedis, posterior tibial and the right and left brachial arteries. ABPI was calculated for each leg using the highest respective ankle pressure divided by the highest of the right and left brachial pressures. 10, 26 The single brachial pressure measurement from the right arm was also taken as the SBP for each subject, collected after they had rested for at least 10 min in the supine position.
Each subject then relaxed supine in a standard 'symmetrical' position in preparation for the multisite pulse recording. The great toe pads were cleaned with an alcohol wipe and the pulse probes applied to them using black Velcro cuffs. The subject was asked to confirm that the probes felt of similar tightness and location. If necessary, the probes were re-adjusted. The feet were covered with a light towel to reduce the effects of any draughts. Similarly, the finger probes were applied to the index fingers, and the hands covered with a light towel. The ear probes were applied to each ear lobe and cabling adjusted to prevent tugging at the measurement site such as during chest wall movements with breathing. Finally, the ECG electrodes and connectors were applied to obtain a single lead II monitoring ECG. The subject rested for a further period of 5 min before pulses were collected to the computer. The subject was asked to lie still, and to breathe normally but gently throughout the recording. The measurements were made in a dimly lit room to aid relaxation. These considerations helped produce good-quality pulse recordings.
The ECG and the six pulses were collected to the computer for 2.5 min for subsequent analysis.
An example of a multi-site recording is shown in Figure 1 . The similarity in bilateral (right and left) pulse characteristics at the ears, fingers and toes can be seen, but with segmental differences in the content of the PPG traces. Figure 2 shows just one heart beat from this recording, again with bilateral similarity and segmental differences.
Pulse wave analysis
The pulses were processed off-line using purposebuilt algorithms developed in Matlab (The MathWorks Inc., USA). An initial pre-processing stage smoothed the signals and also removed excessive low-frequency baseline variation. These filters did not introduce phase delays or distortion to the waveforms and allowed reliable recognition of the pulse foot (ie, minimum value of pulse) landmarks at all sites. A process of beat-by-beat pulse foot identification took place for all six sites and for all pulses in the 2.5 min recording. For each heart beat, the pulse arrival time was identified (pulse transit time to foot of pulse (PTT) from the ECG R wave). An example of the PTT timing measure extracted for a single site is shown in Figure 3 .
A semi-automatic process was then used to check each pulse manually for signal quality and pulse foot recognition. 18 Any pulse with visible movement artefact, noise or poor landmark recognition was discarded along with the other pulse of the right/left pair. Only pairs of good quality beats for each segmental level were considered for further analysis. Ectopic beats were excluded. Average right and left PTTs were calculated from 60 consecutive good quality beats at each site. The subject's HR was calculated from the average RR interval over the 60 consecutive beats.
Statistics
The effects of age, SBP, H and HR on PTT were assessed by multivariate linear regression analysis. If statistically significant, the univariate effect of each was also calculated. Correlation analysis was used to determine if these effects were independent or not. The mean 7 s.d. PTT was calculated for each site.
Results
Subjects excluded from the study comprised three who failed the ABPI test (all 440 years of age), and Figure 1 Example of a multi-site PPG pulse recording of 2.5 min from a normal healthy subject. The bilateral similarity (right to left) and segmental site differences are evident. The recording is of good quality and free from artefact. The ECG waveform is also shown. The characteristic periodic variation in the PPG baseline was often seen at the ear measurement site, which in this example has a frequency of approximately 0.1 Hz.
PPG peripheral pulse timing characteristics J Allen and A Murray eight other subjects with Raynaud's phenomenon (three), atrial fibrillation (one), frequent ventricular ectopic heart beats (one), significant limb tremor (one), a unilateral deformed digit (one) or receiving anti-hypertensive therapy (one). After data collection, seven subjects were excluded because the pulse waveforms were of very poor quality from at least one measurement site. Of the remaining 116 subjects, 68 were male and 48 were female. Their mean (s.d.) age was 41 (13) years, SBP 121 (16) mmHg, H 1.71 (0.09) m, and HR 63 (9) min À1 . The results for PTT at all six sites in the 116 subjects are presented in Figure 4 . The mean absolute differences between the right and left sides for the ears, fingers and toes were very small (ears 0.9 ms, fingers 1.5 ms and toes 0.9 ms) and so the right and left sides at each level were averaged and these single values used for all subsequent analysis. Relationships between age and PTT for the ears, fingers and toes are presented in Figure 5 The multivariate linear regression analysis of PTT with age, SBP, H and HR gave values of r 2 (the fraction of PTT variability explained by the relationship, where r is the correlation coefficient), which was greatest at the toes (r 2 ¼ 0.65), followed by the fingers (0.48) and then the ears (0.26). All relationships were highly significant (Po0.0001). A summary of the univariate analysis of the contributions of age, SBP, H and HR to changes in PTT are presented in Table 1 . Age was the strongest contributor to changes in PTT at all three sites (Po0.0001), with the ageing effect greatest at the toes (À1.6 ms/year, r 2 ¼ 0.48, Po0.0001). Significant Figure 2 Pulses from one heart beat timed from the R wave of the ECG, showing the difference in pulse characteristics and delays for the ears, fingers and toes. The bilateral similarity and segmental differences are evident in this normal subject. The epoch length is 1.25 s. Figure 3 PTT determined from the ECG R wave to the foot of the pulse. The pulse foot is easily located from its minimum value. In this example the pulse is from the toe site. Figure 4 Mean 7 standard deviation for PTT at each of the six sites. The bilateral similarity and segmental differences are evident. Figure 5 Relationship between subject age and PTT for all three sites. The linear regression lines are shown. The greatest reduction with age appears at the toes. The 40-year age threshold is added and emphasizes the linear fall with age between the second and seventh decades.
PPG peripheral pulse timing characteristics J Allen and A Murray changes in PTT with SBP were also found at all sites (Po0.0001), again with the effect being strongest at the toes (À1.0 ms/mmHg, r 2 ¼ 0.28, Po0.0001). However, SBP was not independent of age (r 2 ¼ 0.16, Po0.0001), with a change of +0.5 mmHg/ year. Approximately half of the PTT/BP slope of À1.0 ms/mmHg at the toes was accounted for, by an association with age. Similar effects were seen at the ears and fingers. Subject height was also an important contributor and was significantly related to PTT changes at the fingers and toes (both Po0.0001), but not at the ears where any effect of height would be less noticeable. The effect with height was an independent effect, and was not correlated with age, SBP or HR. HR showed the weakest relationship with PTT changes, and was found to be borderline significant at the ears only. HR was independent of subject's age.
Discussion
PTT at all of the six measurement sites decreased with age, even for those subjects younger than 40 years of age. It is accepted that in normal subjects there is an association between arterial stiffness that increases with age, resulting in an increase in pulse wave velocity and consequently a decrease in the time it takes the pulse to propagate to the periphery. In this study age-related reductions in PTT were found to be greatest at the toes, followed by fingers and ears. This site-specific relationship could be explained by the relatively long length of artery to the feet when compared with the upper limbs and head. Nitzan et al 21 reported from their data that effects with age occur primarily after 40 years of age. By including more subjects in our study, and ensuring that about half of our subjects lie either side of 40 years, we have been able to demonstrate that vascular changes occur from a much earlier age. By accounting for SBP, H and HR a difference in PTT could be more readily explained. This was best for the toes with 65% of differences in PTT explained by these variables, followed by the finger and then the ear sites. It is also likely that these data We would expect the PTT to increase with subject height because the pulse wave needs to travel further. Interestingly, the gradient of the PTT/H slope at the toes increased at 1.1 ms per additional centimetre of height. This corresponded well with known pulse wave velocities, quoted as between 8 and 10 m/s (1.25-1.00 ms/cm). 1, 27 The relationships at the more proximal sites are less clear since the contribution from the cardiac pre-ejection period to the transit time is greater at shorter arterial path lengths. This cardiac component that contributes to PTT needs further study.
It is generally accepted that in normal subjects, the SBP increases with age contributing to the reductions in PTT due to age-related vessel stiffening or fall in compliance. This age/pressure association, however, has not always been observed. 28 For the subjects entered in this study SBP is seen to clearly increase with age. These changes were also clearly seen in the PTT/SBP slopes, which were used to estimate changes in SBP from changes in PTT. 29, 30 Our data also indicated that about half of the changes with blood pressure were direct and were not mediated via an age effect. HR was only weakly associated with PTT, and for the ear site only. Overall, subject age was the dominant factor at all sites in contributing to PTT.
There has been uncertainty from published data about the association with age. This has in part been due to cross-sectional studies on small numbers of subjects being reported. Such studies have value only if they are based on a representative sample of the population. Our data describe the associations for normal Caucasian subjects. In assessing PTT, the effect of age, blood pressure and height also need to be taken into account when establishing a normative range. Such data would of course need to be formed from a larger sample, stratified within each age range, blood pressure and height, and without exclusions. The multi-site PPG measurements and pulse wave analysis have shown promise for the assessment of the normality of PTT in normal subjects and in vascular patients.
Conclusions
We have quantified changes in multi-site pulse timing characteristics and shown their association with age, and have determined the relative contribution from other key variables of blood pressure, subject height and heart rate. The age effect decreased linearly from the second to the seventh decades, demonstrating that the effect of changes in arterial stiffness can be detected noninvasively from an early age at three main peripheral sites. We have also shown that age is the dominant factor in contributing to PTT, and is greatest at toes, followed by fingers and then ears. Similar changes were found for both right and left sides of the body.
